St. Louis encephalitis virus (SLEV) and West Nile virus (WNV) have recently emerged in the southwestern United States. Surveillance for arboviruses in Las Vegas, NV, detected a surge of SLEV activity in the southern house mosquito (Culex quinquefasciatus Say) during 2016. To identify candidate avian amplifiers, we assessed the identification, viral infection, and immune status of vertebrate hosts for 195 bloodengorged Cx. quinquefasciatus mosquitoes collected in August and September 2016. Bloodmeals were identified from 164 engorged abdomens, representing 19 species of birds and three species of mammals. No SLEV or WNV viremia was detected, but one mosquito tested positive for Culex flavivirus. House finch (Haemorhous mexicanus) (Muller) was the most common bloodmeal, followed by domestic chicken (Gallus gallus) (Linnaeus), American robin (Turdus migratorius) L., house sparrow (Passer domesticus) (L.), great-tailed grackle (Quiscalus mexicanus) (Gmelin), northern mockingbird (Mimus polyglottos) (L.) and mourning dove (Zenaida macroura) (L.). SLEV-reactive antibodies were detected in six identified bloodmeals and WNV-reactive antibodies were detected in 33. House sparrow and house finch were the most likely hosts to show previous exposure to SLEV and WNV, respectively. Over-utilization by Cx. quinquefasciatus for bloodmeal hosts was observed primarily among robin, finch and sparrow, all species that roost communally. House finch stands out as a candidate important amplifier for both SLEV and WNV because of its preference by mosquito vectors, and high competence for closely related virus strains. While implicated in previous outbreaks as an important mosquito vector, Cx. quinquefasciatus feeds infrequently on mammals in Las Vegas, indicating a low risk for bridge transmission to humans.
natural history of arbovirus transmission and may identify candidate vertebrate amplifiers. No previous studies have evaluated the feeding behavior of Culex vectors in Nevada. Elsewhere, Cx. quinquefasciatus have been shown to feed on both birds and mammals, with the ratio of bloodmeals from these sources varying among studies (Bertsch and Norment 1983 , Reisen et al. 1990 , Molaei et al. 2007 , Mackay et al. 2010 , Komar et al. 2018b . For example, in natural habitats of North Carolina, 91% of bloodmeals were from birds and 0% were from humans (Irby et al. 1988 ). However, different results were seen from other areas, such as Tucson, Arizona where only 32% of bloodmeals were avian and 50% were human (Zinser et al. 2004) .
The host utilization pattern of Cx. quinquefasciatus should reveal candidate avian amplifiers of WNV and SLEV, as well as help in understanding the ecology of the transmission processes and the associated risk to humans presented by this vector. We assessed the bloodmeal identification of Cx. quinquefasciatus mosquitoes along with virus presence and immune status of the vertebrate bloodmeal host to improve the understanding of SLEV and WNV transmission ecology in metropolitan Las Vegas, Nevada. We also compared the observed frequencies of bloodmeals from specific bird species to the expected frequencies of bloodmeals based on relative abundance of free-ranging, non-domesticated birds in metropolitan Las Vegas to identify bird species that are over-utilized as bloodmeal hosts by Cx. quinquefasciatus.
Methods

Mosquito Collection and Processing
Blood-engorged mosquitoes were collected from 76 different locations in the Las Vegas metropolitan area using gravid mosquito traps (Bioquip Products, Inc, Rancho Dominguez, CA) between 1 August and 29 September 2016. In the field, the samples were placed into a cooler with dry ice and then placed into a household freezer (−22°C) until sorting on a chill table. Mosquitoes were selected for this study based on engorgement status. The fully engorged female mosquitoes were stored at −47°C until transport overnight on ice packs to Fort Collins, CO where they were stored at −80°C until processing.
Mosquitoes were processed by removing the abdomen from the rest of the mosquito body under a stereo microscope. The mosquitoes were kept cold with dry ice and a cold plate during the dissections. The abdomens were placed in an Axygen grinding tube along with 0.55 ml PBS and a 4-mm-diameter zinc-coated ball bearing and homogenized with a Retsch MM300 mixer-mill (Retsch GmbH, Haan, Germany) set at 20.5 hertz for 4 min.
Nucleic Acid Extraction and Polymerase Chain Reaction
Total nucleic acids were extracted from 100 µl of the mosquito abdomen supernatant using the Qiagen Bio Robot Universal System (Qiagen GmbH, Hilden, Germany) then stored at −20°C until used in polymerase chain reaction (PCR) (typically < 3 d). Mitochondrial DNA of the vertebrate host was amplified using conventional PCR and a primer cocktail previously described (Supp . Table S1 ; Kent et al. 2009 ). Amplified products were purified and a BigDye Terminator sequencing system was used for Sanger sequencing. Mitochondrial cytochrome oxydase I gene sequences were analyzed with the Barcode of Life Data System (Ratnasingham and Herbert 2007) and a threshold of ≥95% identity was used for positive species identification. The extracted nucleic acids were also used for detection of flavivirus RNA using genus-specific primers in an SYBR-green RT-PCR platform (Moureau et al. 2007 ) and confirmed positive for WNV and SLEV using real-time reverse transcriptase-PCR protocols specific for those viruses (Supp . Table S1 ; Lanciotti et al. 2000, Lanciotti and Kerst 2001) .
Microsphere Immunoassay
West Nile virus-and SLEV-reactive antibodies present in each macerated abdomen homogenate were detected by a microsphere immunoassay (MIA) as previously described (Komar et al. 2015) . West Nile Virus and SLEV positive and negative antigens were added to microsphere beads in MIA buffer. Each mixture was vortexed and rotated for 1 h and then stored at 4°C within 24 h of implementing the assay. Thirty-five microliters of the homogenized mosquito abdomen supernatants were biotinylated by preparing an AcroPrep 96-well plate with 5 µl of biotin and 30 µl MIA buffer and subsequently mixing. The Acroprep plate was shaken for 30 min before brief vacuuming and washing with MIA buffer. Each well was resuspended with MIA buffer, shaken briefly, and low cross buffer was added to each well. Acroprep plate was used the same day or stored at 4°C overnight. Three hundred microliters of WNV and 300 µl of SLEV positive antigen microsphere beads were added together with 5.4 ml MIA buffer into a 15 ml tube. The same was done for negative antigen microbeads. A Millipore filter plate was pre-wetted with MIA buffer and divided into two sections, positive and negative antigen. The plate was filtered by vacuum and 100 µl of positive antigen beads were added to the viral antigen wells. The same was done for the negative antigen and its wells. The plate was again filtered by vacuum and washed twice with PBS buffer. Samples and controls (50 µl each) were added to wells, filtered by vacuum, and placed on a shaker with an aluminum cover for 45 min. The plates were later filtered by vacuum and washed twice with PBS buffer. Fifty microliters of streptavidin-PE was added to each well, before they were covered and shaken for 15 min. The plates were then filtered by vacuum and washed twice with 100 µl PBS. Samples were resuspended with 100 µl PBS buffer and read by Bioplex software (Bio-Rad, Hercules, CA).
Statistical Analysis
Avian feeding preferences of Cx. quinquefasciatus were assessed by methods described previously (Hess and Hayes 1970, Kent et al. 2009 ). Briefly, utilization calculations were expressed as the forage ratio, B/A, produced by dividing the blood-feeding frequency (B) for each avian species by the relative abundance (A) of free-ranging birds in the area. A forage ratio > 1 indicates over-utilization, whereas < 1 indicates under-utilization. Relative abundance of free-ranging birds was derived from citizen science data submitted to and curated by eBird.org from metropolitan Las Vegas during the months of August and September from 2007 to 2017 (Sullivan et al. 2009 ). Checklists self-reported by volunteer observers as 'complete' with numeric estimates of counts for all birds observed during observation periods of duration ≥5 min were normalized to counts per minute for each species observed, and average counts per minute were then derived, by species. The methods of Zou and Donner (2008) were used to compute 95% confidence intervals (CIs). For comparison with blood-feeding frequency data, these average counts per minute were transformed to relative abundance by dividing each speciesspecific value by the sum of values for all free-ranging bird species. Utilization determinations were considered statistically significant if the 95% CI around the forage ratio excluded unity.
Estimates of the relative importance of vertebrate amplifiers can be expressed as a species-specific reservoir capacity index (R), where R B C j j j = 2 for any species j, and B and C are derived from bloodmeal frequency data and vertebrate reservoir competence data, respectively (Kent et al. 2009 ). Confidence limits for seroprevalence estimates derived by MIA were generated using the Wilson score method for binomial proportions (S-PLUS 6.1 Professional software, Insightful Inc., Seattle, WA).
Results
A total of 2,462 Cx. quinquefasciatus, 61 Aedes vexans (Meigen), 61 Cx. tarsalis Coquillett, 51 Culiseta incidens (Thomson), 12 Cx. stigmatasoma Dyar, 2 Anopheles franciscanus McCracken, and 1 Anopheles freeborni Aitken were collected. Bloodmeal identification was obtained from 164 of 195 blood-engorged Cx. quinquefasciatus mosquitoes representing 19 species of birds and three species of mammals. Ninety-eight percent of all identified bloodmeals were avian, while the remaining identifications were one each of cattle (Bos taurus) L., dog (Canus lupus familiaris) L., and human (Homo sapiens) L. (Table 1 ). The most common bloodmeal was the house finch, representing more than a third of all bloodmeals. Other common host identifications were domestic chicken (Gallus gallus), American robin (Turdus migratorius), house sparrow (Passer domesticus), great-tailed grackle (Quiscalus mexicanus), northern mockingbird (Mimus polyglottos), and mourning dove (Zenaida macroura). Forage ratios for Cx. quinquefasciatus showed overutilization for the American robin (40-fold more than expected), house finch (eightfold), house sparrow (fivefold) and northern mockingbird (threefold) ( Table 2) . Rock pigeon was the most abundant bird observed in metropolitan Las Vegas, but the forage ratio indicated that this species was under-utilized (B/A = 0.2) by Cx. quinquefasciatus mosquitoes. Other abundant bird species, for which no engorged mosquitoes were detected, were also considered as under-utilized by mosquitoes, including verdin (Auriparus flaviceps) (Sundevall), mallard (Anas platyrhynchos) L., Canada goose (Branta canadensis) (L.), American coot (Fulica americana) Gmelin, Abert's towhee (Melozone aberti) (Baird), and Anna's hummingbird (Calypte anna) (Lesson). There were a low number of sequences that had evidence for potential multiple bloodmeals. However, the mixed sequences could have also resulted from co-amplification of mosquito DNA when host DNA was in low concentrations.
None of the engorged mosquitoes tested positive for either WNV or SLEV. One mosquito tested positive for Culex flavivirus (Flaviviridae) based on cDNA sequence of the amplified NS1 gene fragment. This insect-specific virus is not considered a public health threat. To our knowledge, this detection represents a novel finding for Nevada.
To calculate WNV reservoir capacity index values for selected species of birds, we relied on competence data from the literature. Using the New York 1999 strain of WNV, these values were 1.76, 1.08, 0.62 and 0.19, respectively, for house finch, American robin, northern mockingbird, and mourning dove (Komar et al. , 2005 . Using the Tecate (Baja California) strain of WNV, great-tailed grackle had a competence index value of 1.28 and house sparrow had 1.12 (Guerrero-Sanchez et al. 2011) . The calculated reservoir capacity index values were 0.3954 for house finch, 0.0104 for American robin, 0.0077 for house sparrow, 0.0072 for great-tailed grackle, 0.0029 for northern mockingbird, and 0.0007 for mourning dove.
Six identified bloodmeals tested positive for SLEV-reactive antibodies, and 32 for WNV-reactive antibodies ( Table 1 ). The house sparrow was the most common vertebrate species that showed previous exposure to SLEV (33% of all SLEV exposures). The house finch was the most common vertebrate species that showed previous exposure to WNV (34% of all WNV exposures). Culex quinquefasciatus encountered SLEV-reactive antibodies most frequently among contacts with house sparrow (18%, 95% CI 5-48%), northern mockingbird (11%, 95% CI 2-44%), great-tailed grackle (10%, 95% CI 2-40%), domestic chicken (4%, 95% CI 1-18%), and house finch (2%, 95% CI 0-8%). Culex quinquefasciatus encountered WNVreactive antibodies most frequently (species with n < 5 excluded) among rock pigeon (60%, 95% CI 23-88%), American robin (54%, 95% CI 29-77%), great-tailed grackle (20%, 95% CI 6-51%), house finch (17%, 95% CI 10-29%) and northern mockingbird (11%, 95% CI 2-44%). An additional nine bloodmeals contained WNV-reactive antibodies, from eight avian species with sample sizes from 1 to 3 birds each (60%, 95% CI 36-80%).
Discussion
The transmission dynamics of SLEV and WNV are largely governed by ecological factors, with humans serving as a dead-end host. Recent outbreaks of SLEV and WNV in the southwestern United States have prompted more attention to the local ecology of these vectors and hosts. In the current study, bloodmeal analysis of 164 mosquitoes from Las Vegas, Nevada, revealed the vertebrate host utilization of Cx. quinquefasciatus for acquiring bloodmeals. Host species most frequently fed upon included house finch, domestic chicken, American robin, house sparrow, and great-tailed grackle. With the exception of the grackle, these species showed over-utilization from forage ratio analysis among the free-ranging species. Domestic chickens are scarce in metropolitan Las Vegas, so it is clear that an over-utilization for this species also exists among Cx. quinquefasciatus, an observation that has been reported elsewhere (Godsey et al. 2012 , Kading et al. 2013 . While no pathogenic viruses were detected via RT-PCR assays applied to the engorged mosquito abdomens, there was serologic evidence for exposure to both SLEV and WNV among various vertebrate bloodmeal hosts. Mosquitoes encountered WNV-reactive antibodies at a fivefold greater rate than SLEV-reactive antibodies, presumably a consequence of the enzootic status and/or greater immunogenicity of WNV. WNV immunity likely has built up in the avian population over several years while SLEV activity has only recently re-emerged, and remains at a low level in the bird population.
Amplifying vertebrate hosts are an integral part of arbovirus transmission and distribution. The amplifier must be competent for the virus and come into frequent contact with the vector. Passerine species, such as house finch and house sparrow tend to be moderately to highly competent amplifiers for SLEV and WNV (Bowen et al. 1980 , Reisen et al. 2000 . Greattailed grackle, American robin, and northern mockingbird are also passerine species that are competent for WNV infection, but have not been evaluated for SLEV , Komar et al. 2005 , Guerrero-Sanchez et al. 2011 . Mourning dove is weakly competent for both viruses , Reisen et al. 2004 . Adult chickens and rock pigeons are incompetent amplifiers for WNV in laboratory experiments, and are not considered amplifying hosts (Guerrero-Sanchez et al. 2011 ).
In the present study, we identified a high frequency of contact between the Cx. quinquefasciatus and house finch, house sparrow, great-tailed grackle, American robin, and northern mockingbird. High forage ratio for American robin suggests that, despite low species abundance, these hosts could still play an important role in transmission. American robin may exhibit behavior that attracts mosquitoes. For example, communal roosting causes large numbers of CO 2 -emitting birds to congregate at night, which attracts hostseeking mosquitoes (Janousek et al. 2014) . All three aforementioned passerine species observed to be over-utilized as bloodmeal hosts for Cx. quinquefasciatus in Las Vegas exhibit this behavior. Pigeons and doves and many water birds (ducks, geese, herons, etc.) also exhibit communal roosting behavior.
Putative amplifying hosts for zoonotic arboviruses in Las Vegas, Nevada are likely house finch, house sparrow, great-tailed grackle, American robin, and northern mockingbird because they have relatively high contact rates with vector mosquitoes, and they are likely to be competent amplifiers for WNV, although SLEV competence remains unknown. House finch likely has the highest reservoir capacity index value score because it is both preferred by mosquitoes and has a high vertebrate reservoir competence index value for related strains of virus. Calculations of WNV reservoir capacity index using data for related but geographically distant strains of suggest that for every Cx. quinquefasciatus mosquito infected with WNV by mourning dove, four mosquitoes were infected by mockingbird, 10 by great-tailed grackle, 11 by house sparrow, 15 by American robin, and 570 by house finch. Thus, house finch is likely to infect roughly 40-fold as many mosquitoes than any other candidate amplifier. A more precise analysis is not possible due to the lack of experimental infection data for the current strains that are responsible for the Las Vegas outbreaks of SLEV and WNV (Diaz et al. 2011) .
Urban outbreaks of WNV, such as that in Phoenix, AZ, involve Cx. quinquefasciatus as a vector, and possibly other members of the Culex subgenus where present (Godsey et al. 2012 . For example, Cx. tarsalis, Cx. stigmatosoma and Cx. erythrothorax are all highly competent for transmitting WNV (Goddard et al. 2002) . The low number of mammal bloodmeal identifications (one human, two others) from Cx. quinquefasciatus in Las Vegas, Nevada suggests a low risk of bridge transmission to humans from this species of mosquitoes, despite previous studies reporting wide variation in human feeding behavior (Bertsch and Norment 1983 , Reisen et al. 1990 , Zinser et al. 2004 , Mackay et al. 2010 , Komar et al. 2018b ). Furthermore, feeding behavior may vary over the seasons, so the narrow timeframe of the current study may not completely capture the dynamics. Only 0.6% of bloodmeals from Cx. quinquefasciatus were human in the current study. This implies that the vector index (number infected host-seeking mosquitoes per trap night; Jones et al. 2011 ) indicates a risk of infection to people that is roughly 200-fold exaggerated in Las Vegas. Other Culex species, such as Cx. tarsalis, could explain the occurrence of human SLEV and WNV cases better; however, more data are needed.
Detailed arbovirus transmission dynamics are complicated and have evaded satisfactory characterization by predictive models. While knowledge of the identity of an arbovirus vector can lead to targeted arbovirus mitigation programs, such programs based on knowledge of vertebrate amplifiers do not yet exist. However, precise knowledge of the vertebrate component of arbovirus transmission may lead to new strategies of mitigation (Komar et al. 2018a ). For example, our data suggest that mosquito vectors over-utilize blood from communally roosting passerine birds, at least during the period of this study. These mosquitoes can then be targeted for surveillance or possibly for insecticidal interventions at precise locations where passerine birds are known to roost communally. Or, if seed-eating species like house finch and house sparrow are responsible for a large share of arboviral amplification, then these species could theoretically be targeted by delivery of a seed-based wildlife vaccine.
Limitations of this study include potential biases in the data collected. For example, the low level of mammalian feeding by Cx. quinquefasciatus could be an artifact of the molecular methods used to identify bloodmeals. Because avian red blood cells are nucleated, the number of copies of mitochondrial genes present are greater than that of mammalian blood (Stier et al. 2013) , in which only white blood cells are nucleated. Thus, mixed bloodmeals with both mammalian and avian blood may be detected as strictly avian. Furthermore, the presence of mixed blood meals could result in unreadable sequences. Another potential limitation is the estimate of relative abundance. Citizen science data are generated by observers with variable bird detection and identification skills. Conversely, some taxa are more difficult to detect and/or to identify to species than others, such as drably-colored female finches. While rare birds are vetted by eBird volunteer reviewers, common birds that are misidentified may remain incorrectly identified in the database. Furthermore, these data are not adjusted for varying detection probabilities. Some species are skulking and reticent, and less frequently observed than their prevalence would predict. Other species are boisterous and obvious, and thus more frequently observed. However, eBird data has been compared to data from other citizen science projects and found to be only 0.4% different in population estimations (Horns et al. 2018) .
In conclusion, the current study assessed the feeding patterns, viral load, and host immune status for engorged Cx. quinquefasciatus mosquitoes from Las Vegas, Nevada. The feeding behavior for Cx. quinquefasciatus in Las Vegas had not been previously studied, but is important in the context of SLEV and WNV outbreaks. Human bloodmeals were scarce. Cx. quinquefasciatus fed frequently on house finch, house sparrow, great-tailed grackle, and American robin. If these passerine birds are competent for local strains of arboviruses, then they would be important amplifiers of these viruses. While no engorged mosquitoes tested positive for SLEV or WNV, an immunoassay revealed host immune responses to both SLEV and WNV in the bloodmeals from these bird species, indicating that they were indeed exposed to these viruses.
